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Abstract

JLab has been at the forefront of a program to measure theacl
spin-dependent structure functions over a wide kinematnge, and data
of unprecedented quality has been extracted in all threerarpntal halls.
Higher moments of these quantities have proven to be polerdls to test
QCD sum rules and will provide benchmark tests of Lattice Q@id Chi-
ral Perturbation Theory. Precision measurementg'gfandg] have been
performed as part of the highly successful ‘extended GDHym’, but
measurements of thg structure function remain scarce. This is particularly
surprising given the intriguing results found in the tragrse data. Namely,
a three sigma deviation from the Burkhardt-Cottingham sul@was found
at large@? for the proton, while it is satisfied for the neutron at IGyv.

In addition, it was found that NLQ'PT calculations are in agreement with
data for the generalized polarizability at Q? = 0.1 GeV?, but exhibit a
significant discrepancy with the longitudinal-transvepetarizability 67 ;- at
the same momentum transfer. Clearly, there are seriousigugsbout our
understanding of the transverse spin structure function.

24 days of beam in Hall A will allow a measurementgfin the reso-
nance region. This data will be used to test the Burkhardti@mam sum
rule and to extract the fundamental quantiti®s (Q?) andds (Q?) with high
precision. TheR? range0.02 < Q? < 0.4 GeV? is chosen to provide un-
ambiguous benchmark testsd@®T calculations on the lower end, while still
probing the transition region where parton-like behavioegins to emerge.
This data will also have a significant impact on our theoedtimderstanding
of the hyperfine structure of the proton, and reduce the syatie uncertainty
of CLAS experiments which extract thé structure from purely longitudinal
measurements.

TContact person: Karl Slifer, slifer@jlab.org



Foreword

This document is an update to conditionally approved erpemt EO07-001. It
is meant to address the request of PAC31 to strengthen tracghgase for the
higher Q2 portion of the run. Specifically, we address three issuesdaby the
PAC report:

1. Projected results for the BC sum rule afjcare displayed in Figs. 25 and 26
of section 7.2.

2. Adiscussion of the impact of this data on ongoing calowat of the hyper-
fine structure of hydrogen is covered in section 4.1.

3. The impact of this data on the systematic error of CLAS erpent EG4 is
now discussed in section 4.2,

In addition, we review the relation of the spin polarizalib;» measured in this
experiment to the VCS polarizabilities in section 3.4.1.

Excerpt from PAC31 Report

Measurement and Feasibility: The proposed experiment constitutes a ma-
jor installation in Hall A requiring significant technicasources. However,
none are felt to be insurmountable, and no particular tecthnbstacles were
identified.

Issues: The PAC feels that to justify the resources and time reqdeshe
physics case should be more solidly established. The pabpossently pro-
vides little support for the data points@¢ > 0.1 GeV2 which account for
much of the requested beam time, and where XPT calculataamsqdest or-
der) may be expected to break down. The PAC finds these kiepwihts
of importance, but that their value lies elsewhere. One @@ the precise
BCSR measurements, particularly as SLAC data at higher @gesi a vio-
lation of this sum rule. A second important motivation is sigetematic-error
reduction the proposed data can provide for the generafafaid measure-
ments at CLAS. This error reduction is mentioned in the psahdout the
influence ofgs is not quantified. Further, one PAC member pointed out the
importance of preciseg, data on the proton, especially at |6y, to ongoing
calculations of the hyperfine structure of hydrogen — a ptsysase which
should be explored.

Recommendation:C1=Conditionally Approve w/Technical Review
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1 Introduction

The experimental and theoretical study [1] of the spin stmecof the nucleon has
provided many exciting results over the years, along wittess new challenges.
Probes of QCD in the perturbative regime, such as tests @jtirken sum rule [2]
have afforded a greater understanding of how the spin of dngposite nucleon
arises from the intrinsic degrees of freedom of the theomceRtly, results have
become available from a new generation of JLab experiméatsseek to probe
the theory in its non-perturbative and transition regini@stinct features seen in
the nucleon response to the electromagnetic probe inditateomplementary de-
scriptions of the interaction are possible, depending emékolution of the probe.
The low momentum transfer results offer insight into theareht region, where
the collective behavior of the nucleon constituents gige to the static proper-
ties of the nucleon, in contrast to high@® where quark-gluon correlations are
suppressed and parton-like behavior is observed.

There’s been a strong commitment at JLab to extract the $pintsre func-
tions g7, g% andg? and their moments over a wide kinematic range [3-12]. But
at low and moderat€)?, data on theg’27 structure function is absent. The lowest
momentum transfer that has been investigated.3sGeV? by the RSS collab-
oration [4]. This proposal aims to fill the gap in our knowledgf the proton
spin structure by performing a high precision measuremént;dn the range
0.02 < Q% < 0.4 GeV2. This experiment will address intriguing discrepan-
cies between data and theory for the Burkhardt-Cottingham Rule (see Sec-
tion 3.2) and the longitudinal-transverse generalized gpiarizability 1 (see
Section 3.4). It will also have significant impact on ongoirajculations of the
hyperfine structure of hydrogen (Section 4.1), and sulathnteduce one of the
leading systematic uncertainties of the EG4 experimertti@e4.2).

2 Theoretical Background

2.1 Theg, Structure Function

If we defineqy(x)dz { andg,(z)dx } as the expectation value for the number of
quarks{ and anti-quarkg of flavor f in the hadron whose momentum fraction lies
in the interval[z, z + dz], then in the parton model it can be shown that:

1

Faw) = 5 277 (a(2) +7,(2) &)
f



and

=323 (4s(2) — 7, () )
f
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where the quark charger enters due to the fact that the cross section is propor-
tional to the squared charge of the target. The Callan-dti®jsrelation shows
that F, can be defined entirely in terms 6%, but there is no such simple phys-
ical interpretation of g. This spin-dependent structure function is determined by
the x-dependence of the quarks’ transverse momenta andftieetiness, both of
which are unknown in the parton model [14].

Ignoring quark mass effect of ordé€}(m,/Aqgcp), g2 can be separated into
leading and higher-twist components as:

92(2,Q%) = g5 (x,Q%) + o (, Q%) 3
where
1o d
920 @) = = [ 5[5 hr(0.@%) + 0,07 2 @

To twist-3, there are three contributionsgg

1. g% : The leading twist-2 term, which depends onlygn

2. hr : Arises from the quark transverse polarization distritmitiAlso twist-2,
this term is suppressed by the smallness of the quark mass.

3. (: The twist-3 part which arises from quark-gluon interactio

The Wandzura—Wilczek [15] relation:

1
(0,0 = (0, @) + [ %guy,cf) 5)

describes the leading twist part of the@pmpletely in terms of g In reality, Eq. 5
is a good approximation only in the limi@?> — oo. At typical JLab kinematics,
g2 exhibits strong deviations from leading twist behavioudissussed in Sec. 3.1.
This givesgs a unique sensitivity to higher twiste. interaction-dependent effects
in QCD [14].



2.2 Sum Rules and Moments

Sum rules involving the spin structure of the nucleon offerirmportant oppor-
tunity to study QCD. In recent years the Bjorken sum rule ajda)?, and the
Gerasimov-Drell-Hearn (GDH) sum rule [16] &° = 0, have attracted a con-
certed experimental and theoretical effort (see for exarfiid]). Another class of
sum rules address the generalized GDH sum [18] and the s|anzawilities [19].
These sum rules which are based on unsubtracted dispeetatioms and the op-
tical theorem relate the moments of the spin structure fonstto real or virtual
Compton amplitudes, which can be calculated theoretically

Considering the forward spin-flip doubly-virtual Comptarattering (VVCS)
amplitudegrr, and assuming it has an appropriate convergence behaviighat
energy, an unsubtracted dispersion relation leads to thewiog equation for
grr [9, 19]:

Relgrr (v, Q%) — b (v, Q%)) = ( dv', (6)

v oyp [T K, Q*orr(V, Q%)
ﬁ) Yo V2 — 2

whereg’lee is the nucleon pole (elastic) contributigR,denotes the principal value

integral andkK is the virtual photon flux factor. The lower limit of the intedion
1y is the pion-production threshold on the nucleon. A low-ggexxpansion gives:
ole 2
Relgrr (v, Q) — gho (v, Q%)) = (W)ITT(Q2)V +7%(Q)V + 0. (7)

Combining Egs. (1) and (2), th@(v) term yields a sum rule for the generalized
GDH integral [17, 18]:

2 00 2
Irr(Q%) = 4]7\32&/ K(V;Q)UZTdV
Vo
2M? 4M*

o 2 2 2
= 5 | oo - Grtneeda. @
The low-energy theorem relates 1(0) to the anomalous magneiment of the
nucleon,x, and Eq. (8) becomes the original GDH sum rule [16]:

00 _ 2 2
I(O):/ o1/2(v) 03/2(V)d _2mtak

= 9
0 _ v =05 ©

where2orr = 015 — 035 TheO(v3) term yields a sum rule for the generalized
forward spin polarizability [19]:

W@ = (o) [ @ orrln @)

2127 )y, v v3

dv

2 rxo 2
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Considering the longitudinal-transverse interferencelaate g, r, theO(v?)
term leads to the generalized longitudinal-transversarizability [19]:

@) = () [ KDl ),

272 v Qv2
2 raxo
= 1623]6\4 /0 z? {gl (z,Q%) + ga(x, Qz)}daz. (11)

The Burkhardt-Cottingham Sum Rule

Alternatively, we can consider the covariant spin-depahd®/CS amplitudesS;
and S, which are related to the spin-flip amplitudesr and g 7. The unsub-
tracted dispersion relations f¢f, and S lead to a super-convergence relation
based on Regge asymptotics which is valid forct

/01 g2(x, Q2)dx =0, (12)

where the integration includes the elastic peak. This suenwas originally pro-
posed by Burkhardt and Cottingham (BC) [20]. At first glanit@ppears to be a
trivial consequence of the = 1 term of the operator product expansion (OPE) of
I’y (See for example [21]). But the expansion is valid onlyfop 3. The OPE
actually gives no information about the BC sum rule [14].

The validity of the BC sum rule depends on convergence ofrttegral, which
would fail [22] for example, ifgo exhibits non-Regge behaviour at lawy or ex-
hibits a delta function singularity at = 0. It is these criteria for a possible viola-
tion that have lead some authors to conclude [23] that “tl& Bitegral is either
zero or infinite”.

Higher Moment d»(Q?)

At large Q?, the d, matrix element is related to the color polarizabilities,ieth
describe how the color electric and magnetic fields responthé nucleon spin
(see for example [35]). At lower momentum transféiQ?) provides a means to
study the transition from perturbative to non-perturbatiehaviour and to quantify
higher twist effects via:

B(Q?) = 3/ (0202, @) — 4V (2, Q%)) (13)

The lowest twist component i, is twist-3, although higher twists can also con-
tribute at lowQ@?. And althoughd, is a higher-twist OPE object, the definition



holds for allQ?. Thend, is just thez? moment of the difference betwegn and
gy’ even at low momentum transfer. It must vanishd@ — 0, andQ? — oo

but peaks around 1 GéVIn this sense, it represents a measure of QCD complex-
ity. Therefore, it's of crucial importance to map aistover all Q2.

2.3 Chiral Perturbation Theory

For low energy interactions, it is impractical to deal dihgevith quarks and glu-
ons in QCD. Instead, processes are best studied in termsaffestive theory that
addresses composite hadrons as the degrees of freedora.ldwtbnergy limit, an
effective lagrangian can be formed which still reprodutessymmetries and sym-
metry breaking patterns of the fundamental theory [25].thisrto be a reasonable
approach, the eigenvalues of the quark mass matrix have $mb# compared to
the typical energy scale of any system under consideration.

The central idea of Chiral Perturbation TheogP() is that the massless left
and right handed quarks do not interact with each other sdhibaheory admits a
U(3)r x U(3)r symmetry. Explicit breaking of this symmetry is then trebte a
perturbation. As with all effective field theories, at sonsale the approximation
will fail and must be superseded by a more fundamental approghe applicabil-
ity range ofyPT is an open question, with estimates ranging as high’as: 0.2
GeV? [18]. This issue can only be resolved by benchmark measumsnoéthe)?
evolution of quantities calculable PT.

Chiral perturbation theory calculations are now being uedeklp Lattice QCD
extrapolate to the physical region. One example is the uigedChiral extrapola-
tion in w mass from a few hundred MeV to the physical mass scale, andffrote
to infinite volume. Because of this it is very important to @denchmark tests of
the reliability of these calculations to ensure any errasloot propagate.

A measurement of;r would testyPT by measuring a nucleon observable
that is insensitive to contributions from virtuatA intermediate states [46]. These
states affect most other nucleon observables, and limappécability of yPT for
practical purposes. TheT predictions fofi in LO and NLO are parameter-free
predictions, the accuracy of which is determined only bydbevergence proper-
ties of the chiral expansion. A significant disagreemenhegé ChPT predictions
with the measured values 6fr would indicate substantial short-distance con-
tributions in this observable, and might force theoristseiconsider the relative
importance of long-distance (chiral) and short-distarmetributions also in other
channels, where this issue is overshadowed by the modehdepee introduced
by ther A contributions. Indirectly, these results would impacbaia applications
of xPT to the study of the quark mass dependence of other obsesviablattice
QCD simulations (“chiral extrapolation”), where the rélatimportance of long-

10



distance and short-distance contributions is often a mattdebate and depends
e.g. on the regularization scheme adopted in evaluatingithe loop contribu-
tions [46].

3 Existing Data

3.1 Theg, Structure Function

SLAC experiment E155x [26] represents the most precise Dé8smrement of

go for the proton and deuteron. The kinematic range wag < x < 0.8 and

0.7 < Q% < 20 Ge\2. The results (see Fig. 2) are consistent with the leading
twist gV prediction, but with large error bars that don't exclude plossibility

of higher twist effects. Also in DIS, JLab experiment E9731027] reported a two
standard deviation difference from the leading twist exgigan for g;. See Fig. 1.
The neutron results were extracted from the meastiiedg, structure function at
T~ 0.2.

The resonance region at lowéF was investigated by the RSS and the E94-
010 collaborations at JLab. Fig. 3 shows preliminary praojoudata atQ? ~ 1.3
GeV? from RSS [4] compared tg}""V', the Simula model [28], Hall B model [29]
and MAID [17]. Fig. 4 shows'He g, data from E94-010 [3] compared td""V.
The constanty? value is indicated in Ge¥in each panel. While leading twist
behaviour gives a reasonable description of the data &t @fgit is clearly insuf-
ficient to describe the data at la@?.

11



- ® Thiswork
— ¢ using BB (NLO
r?-" 2 JE— :ivw usmgAAc(oae :NLO)
g r ---- M. Stratmann
2 0.1 — — H. Weigel et al.
: —— - M. Wakamatsu
0.08| + +
0.06 ; +
004 ———— = _——
0.02] T
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Figure 1: Neutrong? as a function of@? for z ~ 0.2. Error bars are statistical. Systematic
uncertainties indicated by the lower, dark gray band. Thik slalid line, with gray uncertainty band,
and the light gray line are calculations @ " using NLO fits to worldg? data, evolved to the

measured)?. Reproduced from [27].
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Figure 2:Q? averaged (0.8-8.2 G&Y zg» from E155x (solid circle), E143 (open diamond) and
E155 (open square). Error bars are statistical. Also shevg ¥ (solid line) at the averag@? of

E155x. Curves are the bag model calculations of Stratm@&hiifzsh-dot) and Song[31] (dot) and
the chiral soliton models of Weigel and Gamberg[32] (shagh) and Wakamatsu[33] (long dash).

Reproduced from [26]
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Figure 5:T2(Q?) = [ godz. Top: Neutron . E94010 [3] Full circle is the reso-
nance contribution, compared with the MAID model [17]. Opieimonds are the
full (0 < = < 1) integral, including estimates for the elastic and low-xtciu-
tions. Upper, lower bands correspond to the experimentiksyatic errors, and
the systematic error of the low-extrapolation, respectively. SLAC E155x [34]
data atQ? = 5 Ge\? is also shownBottom: Proton. Preliminary RSS [4], mea-
sured (open squared). Including estimate of elastic anceasared region (filled
circle). E155x [26]. 15



3.2 The Burkhardt-Cottingham Sum Rule

Fig. 5 (top panel) shows the Burkhardt-Cottingham integrdl)?) = [ godz for
the neutron, which was extracted from Hall A experiment B38-[3], from pion
threshold toll’ = 2 GeV. The capability to transversely polarize the HalflAe
target allowed for the precise measurementg-.ofeeded for the BC sum. The
measured region is shown with solid circles, and the MAIDneste should be
compared directly to these resonance region points. The digenonds represent
the full (0 < = < 1) integral, which is evaluated using the well know elastierfo
factors for ther = 1 contribution, and assuming, = ¢g§" in the unmeasured
low-x region. The upper, lower bands correspond to the éxgartal system-
atic errors, and the estimate of the systematic error foldiver extrapolation,
respectively. The total integral exhibits a striking cdlatimn of the inelastic (res-
onance+DIS) and elastic contributions, leading to an ayagatisfaction of the
Burkhardt-Cottingham sum rule within uncertainties. TheAS E155x collabo-
ration [34] previously reported a neutron result at higth(open square), which is
consistent with zero but with a rather large error bar.

On the other hand, the SLAC proton result deviated from thes&@ rule pre-
diction by 3 standard deviations [34]. Their result is shawrrig. 5 (bottom).
E155x covered the-range0.02 — 0.8. The extended)? coverage (0.8-8.2 G&y
was averaged to 5 GéVFor the unmeasured contributionzas- 0, they assumed
g2 = g5V Also shown along are the preliminary results from RSS [4iphizov-
erediV < 1.910 MeV at Q? ~ 1.3 GeV2. Open square represents the measured
data, while the circular symbols include estimates of theessured region (open)
and the elastic contribution at= 1. Inner (outer) error bars represent statistical
(total) uncertainty. At this)?, the BC sum rule appears to be satisfied within the
experimental error.

3.3 Higher Moment d,(Q?)

Recent neutrow,, data is shown in Fig. 6 (top). The experimental results are the
open circles, while the grey band represents the systematertainty. The world
neutron results from SLAC [34] (open square) and from JLa®-EB7 [47] (solid
square) are also shown. Atla@?, the Heavy Baryon (HBYPT calculation of Kao

et al.[39] is shown with a dashed line. The Relativisitc Baryd?T calculation of
Bernardet al.[38] is very close to the HB curve at this scale, regardlesgtather

the authors include vector mesons and fheontributions. It is not shown on the
figure for clarity. The Lattice QCD prediction [49] &* = 5 Ge\? is negative but

B To signify that the entire rangé (< = < 1) is not measured, and the fagt is finite, the symbol
do is often used.
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Figure 6: d2(Q?)

Proton RSS [4],

Top: Neutron Results from JLab [3, 47] and SLAC [34], to-
gether with Lattice QCD calculations [49] and the MAID [17pdel. Bottom:
E155x [26], and expected SANE uncertainties [53RCP
from [48]. Also shown are a Lattice QCD calculation [49], ae chiral soli-
ton models of WGR [32], and Wakamatsu [33]. The large shadealia the global
analysis from Osipenko et al. [51], with inner (outer) baagresenting statistical

(systematic) uncertainty.
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close to zero, and represent8adeviation from the experimental result. We note
that all available models (not shown) predict a negativeeno xalue at large)?.
As Q? increases, the E94010 data reveal a positive, but decgedisin

Fig. 6 (bottom) reveals that th@? evolution of the protond, is not known
nearly as well as for the neutron. E155x [26] provides onetpat an averagé)?
of 5.0 Ge\? and RSS [4] measured) at Q? ~ 1.3 GeV2. The large shaded area
represents the global analysis of Osipenko et al. [51] uiagexistingg! data [8]
and the MAID [17] model. However, the MAID model disagrea®sgly with the
existing data, and the authors of [51] note thdw experimental data af in the
resonance region at differei? values are clearly needéd

3.4 Spin Polarizabilities~, and d .

The nucleon polarizabilities are fundamental observabiascharacterize nucleon
structure, and are related to integrals of the nucleon @it spectrum. The elec-
tric and magnetic polarizabilities measure the nucleoe&ponse to an external
electromagnetic field. Because the polarizabilities carired to the forward
Compton scattering amplitudes, real photon Compton soajtexperiments [40]
were performed to measure them. Another polarizabilitgpesited with a spin-
flip, is the forward spin polarizability. It has been measured in an experiment at
MAMI (Mainz) [41] with a circularly polarized photon beam @nlongitudinally
polarized proton target.

The extension of these quantities to the case of virtualggh@ompton scat-
tering with finite four-momentum-squared?, leads to the concept of the gen-
eralized polarizabilities. See for example Ref. [42]. Galieed polarizabilities
are related to the forward virtual Compton scattering (V@&plitudes and the
forward doubly-virtual Compton scattering (VVCS) ampties [19]. With this ad-
ditional dependence ap?, the generalized polarizabilities provide a powerful tool
to probe the nucleon structure covering the whole range tf@partonic to the
hadronic region. Some generalized polarizabilities dagarbcently become avail-
able for the first time: At MAMI, there is the real photon megsuent ofy, for
the proton [41], and the doubly polarized VCS experiment0A100 [86] has been
approved to run. At JLab an extractiongf(Q?) andd?(Q?) was performed by
E94010 [3], and the EG1b collaboration [8] is finalizing thanalysis of data for
(@)

Since the generalized polarizabilities defined in Egs. XD Hhhave an extra
1/v? weighting compared to the first moments, these integrals baly a small
contribution from the large- region and converge quickly, which minimizes the
uncertainty due to extrapolation. Measurements of the rgéned spin polariz-
abilities are an important step in understanding the dyosmwii QCD in the chiral
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Figure 7: The neutron spin polarizabilities (top) andd; (bottom). Solid squares
represent the results from [3] with statistical unceriaist The light grey band
on the axis represents systematic uncertainties. The h#asiyed curve is the
HBxPT calculation of Kacet al. [39]. The dot-dashed curve (blue band) is the
RBYPT calculation of Bernareét al. [38] without (with) theA and vector meson
contributions. The solid curve is the MAID model [17].
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Figure 8: Neutron Forward spin polarizability, (top panel) andd;r (bottom

panel) with@% weighting. E94010 [3] solid squares are the results witkissta
tical uncertainties. The light bands are the systematiedainties. The open
squares are the SLAC data [26] and the open diamonds are tieel@QCD calcu-
lations [49].

perturbation region. At low)?, the generalized polarizabilities have been eval-
uated with next-to-leading ordeyPT calculations [38, 39]. One issue in these
calculations is how to properly include the nucleon rescratontributions, espe-
cially the A resonance. As was pointed out in Refs. [38, 39], whilés sensitive

to resonance9, T is insensitive to the\ resonance.

The first results for the neutron generalized forward splanmabilitiesy (Q?)
andd;r(Q?) were obtained at Jefferson Lab Hall A [3]. The results{fp(Q?) are
shown in the top panel of Fig. 7. The statistical uncertagire smaller than the
size of the symbols. The data are compared with a next-ttiigaorder O (p?))
HBxPT? calculation [39], a next-to-leading order RBTY calculation [38], and
the same calculation explicitly including both tReresonance and vector meson
contributions. Predictions from the MAID model [17] areahown. At the low-
estQ? point, the RB(PT calculation including the resonance contributions is in
good agreement with the experimental result. For the AB calculation without
explicit resonance contributions, discrepancies areelakgn at)? = 0.1 GeV>.
This might indicate the significance of the resonance dauinns or a problem

$Heavy Baryon Chiral Perturbation Theory
TRelativistic Baryon Chiral Perturbation Theory
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with the heavy baryon approximation at tii)2. The MAID model reproduces the
higher@? data point but underestimates the strengtat= 0.1 GeV>.

Sincedr is insensitive to the\ resonance contribution, it was believed that
orr should be more suitable thap to serve as a testing ground for the chiral
dynamics of QCD [38, 39]. Fig. 7 shows compared toyPT calculations and
the MAID predictions. While the MAID predictions are in goagreement with
the results, it is surprising to see that the data are infsignit disagreement with
the YPT calculations even at the lowegt, 0.1 Ge\2. This disagreement presents
a significant challenge to the present implementation ofaCRierturbation Theory.

From discussions with theorists, this discrepancy migigimmate from the short
range part of the interaction. Some possible mechanismshwhight be respon-
sible are t-channel axial vector meson exchange [44, 453noeffect of QCD
vacuum structure [46]. It is essential to separate diffieisspins in the t-channel
in order to understand the mechanism.

Fig. 8 reveals th&)? evolution of the neutron spin polarizabilities. It is ex-
pected that at larg@?, the Q%-weighted spin polarizabilities become independent
of Q2 (scaling) [19]. No evidence for scaling is observed in thatren data. It
is interesting to note that the deep-inelastic-scatte(bifs) Wandzura-Wilczek
relation [15] leads to a relation betweemnanddrr:

(@) = 570(@%) s Q¥ = cx. (14

which implies a sign change of one of the polarizabilitiefirate Q2.

3.4.1 Relation ofé; to the VCS polarizabilities

Generalized Polarizabilities [42] are fundamental obsleles that characterize the
nucleon properties. There are a number of independent &lerset Spin Polariz-
abilities. VCS experiments, especially doubly polarizédS/experiment, such as
A1/01-00 [86] which was approved to run for 300 hours at MAINiEcess some
combination of these observables. The expected sensibithese measurements
is shown in Fig. 9 for 2000 hours.

The Forward Generalized Spin Polarizabilitieg,and 67, can be accessed
with polarized inclusive electron scattering via the sutasuThe forward longitudinal-
longitudinal spin polarizability;y, is closely related to the VCS accessible gener-
alized spin polarizabilities. In the lim@®? = 0:

Yo =71 =73 — 27 (15)

where~;, (: = 1...4) are the generalized spin polarizabilities. The unique-com
bination~, measures is not accessible with VCS experiments, and tiersfea-
surements ofy, are complementary to the VCS experiments.
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Figure 9: Angular evolutions of the 3 relevant quantities obtainedmnin-plane measurement at Mainz,
Yo, AUq(h, z) and AW (h,z). The investigated angular range with the accuracy obtaim&)00 hours at
¢’ = 111.5 MeV/c would allow to extract the individual GPReproduced from Ref. [86]

The longitudinal-transverse spin polarizabilityr to be measured in this pro-
posal (EQ7-001), is very special and does not have a simfaléom to the other
VCS generalized spin polarizabilities. Since it is the Laterference, it exhibits
unique sensitivity. For example, it has very little conttibn from the N-toA
transition, and allows us to access some physics aspeath wiuld otherwise be
masked. In addition, it is much easier to measure and withhrhigher precision
than the doubly polarized VCS experiments as demonstratEdyi 9.

Sect 3.3 of Ref. [87] further discusses the relationshipvbet the VVCS spin
polarizabilitiesy, anddz 7, and the VCS polarizabilities. We quote directly below:

It must be emphasized that the Generalized Polarizabileid: v, and
drr] are not the same as the ones introduced in the previou®sscti
In VCS we have only one virtual photon, whereas in VVCS ...we
have two virtual photons, with identical virtuality. Thetseo types of
polarizabilities are however connected in the ligit — 0.

3.5 Theg! Structure Function

The ¢! structure function has been measured with high precisi¢henesonance
region over a wide range @j* [4, 8, 11]. Due to space constraints we will not dis-
cuss this data in detail other than to give an indication efdtata quality in Fig. 10,
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Figure 10: Left: Preliminary proton’; (Q?) from EG1b [8], together with pub-
lished results from EG1a [5], SLAC [34] and HERMES [37]. Mbgeedictions
from the Soffer-Teryaev [54] and Burkert-loffe [55]. Thesats show comparisons
with the NLO xPT predictions by Jét al. [56], and Bernarcet al. [38]. Right:
Projected protor'; (Q?) for EG4 at lowQ?. Reproduced from [11]

which displays the preliminary proton results or(Q?) from the EG1b [8] ex-
periment, together with the published results from EG1a6]5,SLAC [34] and
HERMES [37]. The error bar indicates the statistical uraiety while the band
on the axis represents the systematic uncertaintyQ#At= 0, the slope ofl'; is
predicted by the GDH sum rule¢PT calculations by Jet al. [56] using HByPT,
and by Bernarcbt al. [38] with and without the inclusion of vector mesons akd
degrees of freedom are also shown. The calculations aragomable agreement
with the data in the range.05 < Q? < 0.1 GeV2. The xPT calculations start to
show disagreement with the data abdy®e ~ 0.06 GeV?. At moderate and large
Q?, the data are compared with two model calculations [54, B&ih of which
reproduce the data reasonably well.

At the low Q? relevent to this proposaf] has been measured with high pre-
cision by the EG4 [11] collaboration and the projected rssale also shown
in Fig. 10 (right panel). For further discussion of the stataneasurements of
g7, we refer the interested reader to the reviews in Refs. [pabd the experi-
ments [4, 8, 43].
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3.6 Ongoing Analyses

Several recent spin structure experiments are in the ppafesnalyzing existing
data. These results should be available soon. For exammpéxtiaction ohg will

be performed from the EG1b longitudinal asymmetry data {8ymlto Q> ~ 0.05
Ge\2. The preliminary results [5] show a large deviation from #®T calcula-
tions of Refs. [38, 39]. Neutrofe) longitudinal and transverse data [10] has
also been taken &2 down to 0.02 GeV. A longitudinal measurement aimed at
extractingg; for the proton and deuteron [11] reached sim{&. Preliminary re-
sults [4] for the protoni, and BC integral a)? ~ 1.3, will also soon be available.

3.7 Experimental Status Summary

In summary, a large body of nucleon spin-dependent crag®meeand asymmetry
data has been collected at low to moder@tein the resonance region. These
data have been used to evaluate @feevolution of moments of the nucleon spin
structure functiongy; and g», including the GDH integral, the Bjorken sum, the
BC sum and the spin polarizabilities. The BC sum rule for thetron is observed
to be satisfied within uncertainties due to a cancellatidwéen the inelastic and
elastic contributions. The situation for the proton is lelesr, with a three sigma
violation found atQ? = 5 GeV2, and preliminary data from [4] in final analysis at
Q? ~ 1.3 Ge\~.

At low Q?, available next-to-leading ordePT calculations have been tested
against data and found to be in reasonable agreemefitfpr< Q2 < 0.1 GeV?
for the GDH integrall (Q?), I'1(Q?) and the forward spin polarizabilityy(Q?).
Although it was expected that thePT calculation ofé; would offer a faster
convergence because of the absence ofdlentribution, the experimental data
show otherwise. None of the available calculations canodymes;r at Q? of
0.1 Ge\2. This discrepancy presents a significant challenge to aarétical un-
derstanding of¢PT. To better understand thi¢; puzzle, or more importantly, to
better understand what the puzzle means in terms of thel@ginamics, we need
both theoretical and experimental efforts. A natural goesis whether this dis-
crepancy also exists in the proton case. Testing the isalgmandence would help
shed light on the problem. It is of great interest to have asmesnent ob?% . in
the low Q? region where the Chiral Perturbation Theory calculatiomsexpected
to work.

Overall, we find the case that the neutron spin structuretiomegy and g5
have been measured to a high degree of precision. This haslated an intense
amount of theoretical work and has led to many interestirgights. The case
is equally impressive for thg} structure function, where high quality data exists
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over a wide range Q). However, data is lacking faf; for Q2 < 1.3 Ge\2. For
a complete understanding of the nucleon spin structgffejata in this region is
needed.

4 Additional Motivations

4.1 Calculations of the Proton Hyperfine Structure

As recently discussed by Nazaryan, Carlson and Griffioe®@N[Z7], the hyper-
fine splitting in the hydrogen ground state has been measoiecklative accuracy
of 107 13:

AE = 1420.405 751 766 7(9) MHz

but calculations of this fundamental quantity are only aataito a few parts per
million. The splitting is conventionally expressed in terof the Fermi energfr
asAFE = (1 + 0) Er where the correction is given by:

d =1+ (dQeD + 0r + Osmair) + As (16)

Here,Ag is the proton structure correction and has the largest taingr. Thedgr
term accounts for recoil effects, angrp represents the QED radiative correction,
which is known to very high accuracy. We've collected therbait and muonic
vacuum polarizations and the weak interaction correctia d,,,.;;. Numerical
values for all these quantities are given in Table 1.

Ag depends on ground state and excited properties of the privtisrconven-
tionally split into two terms:

Ag=Az+ Apal (17)
where the first term can be determined from elastic scatferin
Ay = —2am.ry (1 + 5?(1) (18)

The Zemach [79] radius; depends on the electric and magnetic form factors of
the proton, and is given by:

_ 4 [>dQ G (Q?)
rz = ——/0 0 [GE(QZ)TKP - 1] (19)

wheres?4 is the radiative correction.
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Er[MHz] | 1418.84008 + 0.000 02

dQED 0.001 056 21 + 0.000 000 001
R 0.000 00584 + 0.000 000 15
Opvp 0.000 000 07 + 0.000 000 02
Ohvp 0.000 000 01

Oweak 0.000 000 06

Table 1: Numerical values from [77] and [85] and referenbesdin.

0.05 T T T T I T
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Figure 11: MAID [17] model prediction fol's, B, and the integrand al\s. Top
panel horizontal axis is linear while bottom panel is lotfamic.
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The second term) 1, which is of interest to this proposal, involves contribu-
tions where the proton is excited. See Refs. [80—-84].

Qme

Apol = (A1 + Ay), (20)

TGpMip
Ay involves the Pauli form factor and the structure function, while\, depends
only on thegs structure function:

00 2
Ay = —24m? /0 dQ%Bg(Qz). 1)

where

Tth

B2(Q2) = 0 dx 62 (7)92(1‘, Q2) 9 (22)

and

Bo(T) = 1427 =2y/7(1+1), (23)

Herer = v2/Q?, andxy, represents the pion production threshold.

NCG [77] utilized the latest data available [5], to deterendky, . But to evaluate
A, they were forced to rely heavily on models since there iteligh data for
the proton: E155 measuregd at largeQ? [26], and the RSS collaboration [4]
pushed down td.3 GeV? but otherwise the data is lacking. This is significant
since theQ? weighting of Eq. 21 emphasizes the low momentum transfeomeg
as demonstrated in Fig. 11.

Figs. 1 to 4 showed comparisonsgfdata togs”" and to several models, and
revealed that while leading twist behaviour gives a redslendescription of the
data at large)?, it is clearly insufficient to describe the data at |I@%. The inher-
ent uncertainty in the models is reflected in the predictfonsA. /A, | presented
in NCG [77]. The CLAS model predicts a 9% contributionAg,,;, while in the
Simula model it is 52%. Neither model is strongly favored witempared to the
existing data as shown in Fig. 3. Precision data atd@tis needed to clarify this
situation. Fig. 11 reveals that, is dominated by the contribution beldwt GeV?
where this experiment will measugg.

For this proposal, we evaluatedh, = —1.98 from the MAID modef*, while
the CLAS model [29] and the Simula model predist = —0.57 4+ 0.57, and

fSee the update to JLab proposal PR-07-004 [78] for discusdiiemach radius determination.
**Integrated over the regidiV’ < 2 GeV and@? < 5 GeV>.
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—1.8640.37 respectively. NCG [77] utilized the CLAS model with 100% &as=d
uncertainty ory, to obtain:

Apor = (1.3+0.3) ppm

The total uncertainty projected for this experiment is drethan 10%, so we
can expect the published error d, to improve by an order of magnitude from
+0.57 to £0.06, and the error contribution af; to A, to decrease from 0.13
ppm to 0.013 ppm. However, we note that the disparity amondefaredictions
is large, which is natural considering the lack of data is tieigion. For this reason,
100% uncertainty may have been optimistic for the unmedsguentityg .

4.2 Impact on EG4 Extraction of ¢/

The Hall B EG4 [11] experiment ran in 2006, and will extrgétat low Q? from
a longitudinally polarized cross section measurement. siiséematic uncertainty
arising from the unmeasured transverse contribution; ts detailed along with
the full error budget of EG4 in Table 2.

The EG4 uncertainty arising from the unknownwas estimated in Ref. [11]
by noting that the longitudinal polarized cross sectidba depends omg, as fol-
lows:

Aoy x (E+E'cost) g —2Mzg, (24)

Then, the kinematically weighted contribution @f

Co 2Mxgs
2 _ 25
a1 (E+ E'cosf) g (25)

was evaluateld from a model [29] and is shown in Fig. 12. The contribution is
small for the lowest &, but increases with the momentum transfer and is a leading
uncertainty at large)?. Assuming the 7-9% projected error of this experiment
(detailed in Table 4), EG4 can expect a reduction of the syatie due tay, to less
than 1 percent for at?.

tTWe note that although models can give an estimate aftluentribution, the difference between
available models in this region is large and the the only wawndtually quantify the transverse
contribution is to experimentally measuygor the transversely polarized cross section.
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EG4 Systematic Uncertainty  Value(%)
Beam charge asymmetry -

Beam and target polarization 1-2
5N background 1-2
Luminosity and filling factor 3.0
Electron efficiency <5
Radiative Corrections 5.0
Modeling of go 1-10
Extrapolation ¢ — 0) 1-10

Table 2: Summary of systematic errors on the generalized @ddral for EG4
experiment. Values are from Ref. [11]. Daggeindicates that value i€)?-
dependent.
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Figure 12: Ratio between thg andg, term of the spin dependent cross section for
Q? = 0.01 GeV? (left) and beam energy of 1.1, 1.6, and 2.4 GeV (top to bottom)
and forQ? = 0.05 GeV? (right) and beam energy of 2.4 GeV and 3.2 GeV (top to
bottom). Reproduced from [11]
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Figure 13: Kinematic coverage. Specific beam energies aglésare detailed in
Table 6. Dashed lines represent the interpolation to coh&ta

5 Proposed Experiment

We plan to perform an inclusive measurement at forward amigiflee proton spin-
dependent cross sections in order to determing/fretructure function in the res-
onance region fof.02 < Q? < 0.4 GeV?. The kinematic coverage, shown in
Fig. 13, complements experiment EG4 [11]. Data will be meain the trans-
verse configuration for all energies. In addition, beamtmikbe dedicated to the
longitudinal configuration for one energy, in order to pd®isome overlap and
cross check of the EG4 data. Kinematic details are listechbiel6.

This experiment will require the baseline Hall A equipmemith the addition
of the septa magnets, and the JLab/UVa polarized targetptidpthe polarized
target to Hall A will require extensive technical suppourfr JLab. In particular,
we will request:

1. Installation of the UVA/JLab 5 T polarized target.

2. Installation of an upstream chicane and associated siugipactures.

3. Installation of the slow raster, and the Basel Secondanis&on Monitor
(SEM).
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4. Installation of a local beam dump.
5. Operation of the beamline instrumentation for 50-100 eArh.

We examine these requirements in detail in the followindises.

5.1 Polarized Target

The polarized target has been successfully used in expetsnid 43/E155/E155x
at SLAC and E93-026 and E01-006 at JLab. This target opecatdhe princi-
ple of Dynamic Nuclear Polarization, to enhance the low terafure (1 K), high
magnetic field (5 T) polarization of solid materials (ammnagiithium hydrides) by
microwave pumping. The polarized target assembly contséngral target cells
of variable length (0.5-3.0 cm) that can be selected indizily by remote con-
trol to be located in the uniform field region of a supercorhgcHelmholtz pair.
The permeable target cells are immersed in a vessel fillduligitid Helium and
maintained at 1 K by use of a high power evaporation refrigera

The target material is exposed to 140 GHz microwaves to dnedyperfine
transition which aligns the nucleon spins. The DNP techmigtoduces proton
polarizations of up to 90% in the NHarget. The heating of the target by the beam
causes a drop of a few percent in the polarization, and tharipation slowly
decreases with time due to radiation damage. Most of thatiadidamage can be
repaired by annealing the target at about 80 K, until the metated dose reached
is greater than aboutZ x 10'® e~/cnm?, at which time the target material needs to
be replaced. The luminosity of the polarized material inthidorm field region is
approximatelyg85 x 1033 cm2 Hz.

5.2 Chicane

To accesgh, the polarization direction will be held perpendiculartte beam axis
for the majority of the experiment. This will create a norgligible deflection of
low energy electrons, so to ensure proper transport of taeba chicane will be
employed. The design, (courtesy of J. Benesch [74]), aslithe existing Hall C
HKS magnets and is shown in Fig. 14. The first dipole will beated 10 meters
upstream of the target and gives the beam a kick out of thednal plane. The
second dipole, which is 4 meters upstream, is mounted onrahlcl support with
a vertical range of 85 cm, and is used to bend the beam bacledartget with the
required angle to compensate for the 5 Tesla field. Beami@®wositonitors (BPMs)
will be placed along the chicane line before and after eagneieto ensure proper
transport of the beam. Table 3 lists the deflection angldsitticoe created by the
5 T target field for each incident energy.
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Energy Deflection Angle

(GeV) (deg)
1.1 11.7
1.7 7.6
2.2 5.9
3.3 3.9
4.4 2.9

Table 3: Vertical deflection of the incident electron beara thuthe 5 T target field.

5.3 Raster

The existing Hall A fast raster will be used to generate agpatup to 4 mm x 4
mm and will remain in its standard location (see Fig. 14). Slogv raster will be
located just upstream of the target, and can increase tHesimeaup to 2.5 cm x
2.5 cm, although we will use a smaller spotsize. A 2 inch widarb pipe will be
used starting after the slow raster.

5.4 Secondary Emission Monitor

To ensure proper reconstruction of target variables gikeridrge raster size, we
will utilize the Basel Secondary Emission Monitor (SE#)This device was used
under similar conditions in Hall C and provided an accurathaiter than 1 mm
for currents as low as 10 nA. It is insensitive to the targegmnedic field.

5.5 Exit beam pipe and beam dump

The low currents employed in this experiment allow for the o a local beam
dump just downstream of the target. The connection from #doeivm chamber to
the exit beam pipe will need to be modified to accommodate ¢cal deflection
of the beam, and the coupling to the beam pipe going to the lokeanp. We plan
to move the target position upstream by 25 cm, in order to ymed two inch
gap between the two septa at six degrees. A two inch beam pigafficient to
accommodate the rastered beam and expected multiplersuatte

A helium bag will be used to transport the beam past the sefhas allows
for different exit angles. Connection to the usual beam pylebe made at 5
meters downstream, in order to allow for ‘straight-thrusgage of the beam to the
standard beam dump when necessary: for example during MoBasurements

# Also referred to as SEE faecondaryelectronemission.
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Figure 15: Schematic of beam exit and local dump.

and beam tuning. A 10 inch diameter beam pipe will accomneoditplanned
scenarios. The beam dump (see Fig. 15) will be constructedeathe beam line
by stacking concrete blocks movable with the crane.

Similarly configured local dumps were utilized for the HallRGGS and Gen
experiments, and will be used again in 2008 for the SANE groupolarized
target experiments. Recently, a Helium bag was also testeiéli A for the EO4-
007 experiment which is scheduled to run in March 2008. Itsssfully withstood
approximately 10 times the radiation expected to be pratldoeing E07-001.

5.6 Beamline Instrumentation
5.6.1 Beam Current and Beam Charge Monitor

Beam currents less than 100 nA are typically used with therfeeld target in order
to limit depolarizing effects and large variations in thensigy. Standard BCM
cavities have a linearity good to 0.2% for currents rangiogif180 down to 1 uA.
High accuracy at even lower currents will be possible duengoong upgrades,
which will be complete before this experiment might be scted. Most notably,
the Happex 11 [73] and Lead Parity experiments will requaceurate knowledge of
the charge and beam position down to 50 nA. We plan to use theuaent cavity
monitor BCM/BPM sets that were initially tested in 2005. biddion, experiment
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E05-004[71] has just recently commissioned a tungsten loedonimeter, in order
to have a good calibration faF < 3uA. Preliminary results show an absolute
calibration of the Hall A BCM with 1% accuracy for currentsiging from 3uA
down to 0.5 A. The calorimeter will be located just after the first BPM arddoe
the first dipole (see Fig. 14). In the worst-case scenarmfuhgsten calorimeter
will allow at least 2% accuracy [72] on the charge determamaall the way down
to 50 nA.

5.6.2 Beam Polarimetry

We will utilize the Moeller polarimeter as part of the stardi&lall A equipment.
During operation, 0.3 to 0.5 A of current are incident on a foil of iron polarized
by a magnetic field. The expected systematic uncertaintydi7the Moeller mea-
surement is 3.5% or better. An upgrade is planned for the Baaity experiment
with the goal of reaching 1% systematic. Moeller runs willdeheduled at least
once per energy change, and will will be performed with then¢ohicaned) beam
passing to the standard hall A dump.

The Compton polarimeter normally is used for a continuousingasive beam
polarization monitor. However, it is not very well suitedrian at low energy or
low current. To provide a cross check of the Moller polariengive may dedicate
some high current beam time (without polarized target) ifipatly for Compton
polarimeter measurements.

5.7 The Spectrometers
5.7.1 Septa Magnet

The Hall A spectrometers will be fitted with septa magnetsvétig to reach scat-
tering angles of 6 and 9 degrees. They have been used sutlyeksfthe Hyper-
nuclear experiment, Happex and small angle GDH, so theicalgtroperties are
well understood.

5.7.2 Detector Stack

The standard detector stack will be used for detecting relest We will re-
quire the usual VDC, scintillators S1 and S2, the gas Cereaka pion rejec-
tor/shower counter for particle identification. Perforroarof the spectrometers
are well known so we can expect the same accuracies as foldhee@periments
on the polarized He3 target E94-010 and E97-110. We notepibat contami-
nation at these kinematics is negligible, as indicated ftioenepc [88] simulation
code.
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5.7.3 Optics

A study of the change of the optics coming from the target figkts done by
John Lerose for the lowest anticipated electron momentuia MeV/c). Fig. 16
shows the scattered electrons without field. Fig. 17 dispthe effect of the 5
Tesla field. Fig. 18 shows the incident beam corrected by himane so that it is
horizontal at the target. Except for an approximate 5 mmicadroffset, (which
would give aboutl0~3 offset in detected momentum), the shifted envelope looks
very much like the no-field situation when it gets to the emteaof the septum. The
effect would diminish linearly with either an increase inmmentum, or a decrease
in the magnetic field. The situation, from an optics point @ appears to be
manageable even in this worst case scenario.

For further detail, Figs. 19 to 22 demonstrate the effeche& T target field on
the reconstruction [64]. These plots represent a montesariulation of the target
variablesd, 6, ¢, andy,. Overall, as the scattered electron momentum decreases,
there is a slight degradation in resolution. Shiftgifvertical) are also seen along
with much smaller shifts i@ and¢. The offsets do not have a significant effect
since the variables remain in the well known region of theeptance. The degra-
dation of resolution should result in no worse than a factdwo [64] increase in
the systematic uncertainty of the acceptance.

5.7.4 Data Acquisition

We will utilize the standard Hall A data acquisition (DAQ)ssgm which is based
on Fastbus 1877 TDC and Fastbus 1881 ADC. The DAQ will be ruwinsingle
arm mode which allows up to 4 KHz rate of data for each arm. Webgi DAQ
rate limited for the lowest few energies.
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Figure 16: The vertical envelope of 400 MeV/c electron ttagdes that would
normally go through the spectrometer and septum setup (n+ad).

xxxxx

Figure 17: The same envelope of 400 MeV/c trajectories bilit thie 5 Tesla target
field turned on.

Figure 18: 5 Tesla field remains on but the set of trajectddasrtically shifted
by 275 mrad.
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6 Analysis Method

6.1 Extraction of the g, Structure Function

We will perform a polarized cross section measurement ierota determine the
spin structure function,. The spin structure functions are related to the spin-
dependent cross sections via:

. MQ@? y 9
g1 = ol A=9@=9 |:AO'||+taH§AO'J_
. MQ? y? 1+ (1—1y)cosb
P = G T AN e ] @9

wherey = v/E.

Here, the polarized cross section differences are repexséy Ao andAo .
Measuring polarized cross section differences resultsdamcancellation of the con-
tribution from any unpolarized target material and ob\sdtee need for any exter-
nal model input.

We can recast Eq. 26 in the form:

g = Kl(alAO'”—l-blAO'J_)

g2 = KQ(ClAO'H + dlAO'J_) (27)
where
M 2
K = Y9 Y
4a? (1-y)(2—-y)
MQ? y? y
K, = - K2
? 102 2(1-y)2-y) 2
ap = 1
0
by = tan§
c1 = -1
1+ (1—y)cosh
dy -
(1 —y)sind

Equation 27 reveals that the parallel contributiongtois highly suppressed
(See Fig. 23). In fact, the relative weight of ther contribution tog, ranges from
2 to 8% for all proposed kinematics. For the kinematics wheravill not measure
Aoy, we will use the high precision data from Hall B experimentHGE1], which
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expects an uncertainty of approximately 10%. Given the aft|c; /d;
to less than 1% error contribution to ogr for all kinematics.

In practice, the EG4 cross section data is not at the exaa karamatics as our
proposal, which makes it difficult to directly combine thepective cross sections.
Instead, we will use the EG4 data. Inverting Eq. 26 yields:

, this leads

14+(1—y) cosf y

A 407 (1-9)(2-y) (2> “(—psmg 3 91— tanb/2g;
a1 = 2 - 1+(1—y) cos 6
MQ y y “Oymg +tan6/2
402 (1—y)(2—y) /2 291 + go
AO-J' - 62 (_> 1+(1— ycos@ (28)
MQ Y Y % + tan6/2
Eqg. 28 can be recast in the form:
AO’H = Kg(CLle + 5292) (29)
Aoy = Ky(cag1 + da2ga) (30)
where
4o (1-y)2-y) (2 1
Ky = ~ -
MQ Y y/ az — by
dof (1-y)(2-y) (2) 1
K, = ~ 2
MQ Yy y/ az — by
1+ (1—y)cosby
CLZ = - =z
(1—-y)sing 2
by = —tanf/2
2
Cyp = —
Yy
dy = 1

So in terms of the existing Hall B; and the measuredo |, g» can be ex-
pressed:

1
= ——k— ) [d1A KoK 31
g2 (1 — Kngclbz) [diAo) + KyK3crasz g1] (31)

6.2 The Generalized Spin Polarizabilityd,

The generalized Longitudinal-Transverse spin polarlitglis given in terms ofy;
andg, as:
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2z
(@) = g [ 4 [01(2.Q%) + 2. @) d (32)

For the kinematics where we do not measgrelirectly we will utilize the re-
sults of EG4 [11]. Our proposal includes settings (see Tallehere we will rotate
the target and measurko in addition toAs in order to cross check the Hall B
data. Table 9 details the projected EG4 statistical uniceiga [70]. Our beam
time request typically aims to match or improve on thesersrso that the com-
bined data set is consistent. As for systematic uncertgintG4 projects about
10% error, which includes a contribution from their lack afokvledge of trans-
verse data. The effect of our transverse data on the EGAsgsitels discussed in
Section 4.2.

6.3 Interpolation to Constant ()2

The data measured at constant incident energy and scgttergie will be inter-
polated to constantl? as shown in Fig. 13. The good kinematic coverage and
overlap should facilitate a straight forward interpolatio

6.4 Systematic Uncertainties

Several JLab experiments have performed measurementarsimivhat we pro-
pose here (for example, see Refs. [3, 4, 10, 11]). From theséops endeavors,
we can make an estimate of the systematic uncertainty. Habiees an estimate
of the most significant sources of error, while Table 5 giwashier detail on the
contributions to the cross section uncertainty which wél the dominant error.
Previous experience in Hall A [3] has shown that we can obtafi% systematic
uncertainty [66—68] on cross section measurements, wéHaltgest uncertainty
(2-3%) coming from the knowledge of the acceptance. Disonssith the Hall
A septum/optics expert [64], indicates that, in the worstecdhe presence of the
5 Tesla target field and the use of the septum will only inarghs acceptance
uncertainty by a factor of 2.

An 8% systematic uncertainty on the moments is assumed in Figs 28
of section 7.2. Eg. 32 reveals that the unmeasured low-xibotibn to 677 is
suppressed ag. In fact, over 90% of the total integral strength (as prestidrom
the MAID model) is covered in the range from pion thresholdiifo= 1.7 GeV for
each of our incident energies. The unmeasured contribatiavellV = 2 GeV is
very small and introduces a negligible uncertainty (See Z4J.

fas has been done in experiments E94010, E97110 and E01012.
frelative to the MAID model prediction.
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Source (%)

Cross section 5-7
Target Polarization 3.0
Beam Polarization 3.0

Radiative Corrections 3.0
Parallel Contribution <1
5N asymmetry [69] <1

Total 7-9

Table 4: Total Systematic Uncertainties.

Source (%)
Acceptance 4-6
Packing fraction 3.0
Charge determination 1.0
VDC efficiency 1.0

PID detector efficiencies <1
Software cut efficiency <1

Energy 0.5
Deadtime 0.0
Total 5-7

Table 5: Major contributions to the cross section systerraftirable 4.
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7 Rates and Beam Time Request

The count rate of scattered electrons from the polarizepbtas given by:

_ LAQAFE'o
a f

where£ is the luminosity, A is the angular acceptancA,E’ is the momentum
bite, o represents the proton cross section, d@nd the dilution factor which ac-
counts for scattering from unpolarized nucleons in thedfarg

We estimate the experimental cross section by combiningpymitrogen and
helium cross sections from the quasifree scattering mo#&é& [39, 88]. Inelastic
and elastic radiative effects are also included. Table dWslthe assumed mate-
rial thickness for a 3 cm target. At the lowest planrgd the elastic radiative tail
becomes large and we switch to a thinner (0.5 cm) target Cetiss-checks with
the longer standard cell will help to reduce the systematgzttainty of the radia-
tive corrections, and ensure we have a good understandingrdfrget packing
fraction. A representative spin-independent cross seatishown in Fig. 29.

The time needed for a given uncertain# is given by:

N (33)

T = ; (34)
N(fP,PréA)?

The relevent statistical uncertainty is for the asymmetvgn though this is a cross
section measurement, because in the producthe dominant error arises frorh.

The running time and spectrometer configurations are suinethin Table 6.
The sixth column represents the rate (in each bin) from tbheopr while the sev-
enth shows the total prescaled rate seen by the spectroméien the momentum
of the scattered electron is accessible by both spectrospete double our DAQ
rate. We assume a maximum accessible momentum of 3.1 andet/3dB the
right and left HRS respectively. We also assume both speetiers can reach 0.4
GeV minimum momentum, and that the DAQ limit is 4 kHz per &rm

Transverse data will be measured for every kinematic. Ta@kspecifies the
settings where we plan to also take data with the target igation held parallel
to the beam momentum. This is in order to directly exteacand provide a cross
check with the EG4 data. This effectively doubles the timedeel for this setting,
so the kinematic to perform the longitudinal measurementh®en chosen to be
at the largest)? for which both arms can simultaneously take data for all enos
momentum settings.

§More than 5 kHz rate with manageable deadtime was demoedtnath the existing DAQ during
E97110 [10].
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To reach the highesp? will require the septum to run 391 A at 6 degrees
(Pp=4.15 GeV) and almost 530 A at 9 degrees<#.0 GeV). Discussion with
Hall A septum experts [64, 65] indicate that all of the plashiiedegree settings
should be achievable, although the septum must be trainszshtd a few of the
higher currents required. All of the 9 degree settings ase walithin the nominal
limits, but the 9 degree, 4.0 GeV setting in particular mawprdifficult. This has
minimal impact on the physics goals of this experiment, ssim@ffects only one
kinematic setting at the highe&f (see Fig. 13). To adjust to this circumstance we
can perform an extrapolation for the small affected regmmsimply reduce our
highest expecte@®? by a small amount.

The choice of parameters used in our rate calculation is sanmed in Ta-
ble 10. We assume an angular acceptance of 4 msr and a momaoteptance
of +4%, both slightly reduced from the nominal values due to thesgmee of
the septa, and beam and target polarizations of 80 and 75%éatesely. We note
that higher polarization values are routinely achieveaahy, we assume that the
minimum time that we would reasonably spend at each setsirane half hour,
regardless of how high the rate is.

With this beam request, we achie¥d | = 0.004 for each 20 MeV bin.

7.1 Overhead

The incident beam causes radiation damage in the frozen armamehich leads
to the creation [60, 61] of atomic hydrogen in the target mialte This provides
an additional relaxation path for the nuclear spins, andothilelup of these free
radicals leads to a gradual decay of the target polarizafidre concentration of
these unwanted radicals can be reduced significantly byngatise temperature of
the target to 80-90K, in a process known as annealing. Givemptoposed beam
current and raster size, we expect to require an anneal ahoatevery 14 hours of
beam time. The anneal itself typically requires 2.5 houngnfistart to beam back
on target. The target stick holds two ammonia batches. Eatthltan absorb
approximately 1710'5 e-/cn?, at which point the material must be replaced. We
expect to swap out target inserts about once every 5 daysofadated (100% ef-
ficient) beam. To replace the stick and calibrate the NMRimséntation requires
about a shift.

Measuringg; will require physically rotating the target can from the goem-
dicular to parallel configuration, a process which we esinvell take two shifts.
One final overhead arising from the target comes from the fogetbdicated empty
cell and carbon target runs, which are used to determinertirutar target pack-
ing fraction and dilution factor. These high rate unpolkagizuns can be completed
in about one half hour, and we plan to perform them for evehglomomentum
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setting.

Pass changes and linac changes are estimated to require8ands respec-
tively. Changing the spectrometer momentum settings regpproximately 15
minutes each on average, while changes to the septa anglalkypakes one shift.
We will perform one Moller measurement for each beam enexggh of which
requires two hours. Finally, we have included an additidhaburs of overhead
to measure the elastic cross section and asymmetry for #hestawo energies,
as a cross check of our beam and target polarizations, arelgaehsure we fully
understand all cross section systematics.

The overhead requirement is summarized in Table 8. We nateptievious
experience has shown that many overhead tasks can be pedfannparallel, or
scheduled to coincide with non-delivery of beam. In thissegmur overhead esti-
mate should be conservative.

7.2 Projected Results

Figs. 25 to 27 show the projected accuracy we can obtain Wwiétbeam time re-
guest of Table 6. The systematic error bands on the axesseyirthe total from
Table 4. The projected uncertainties have been evaluamdr@sg the central
values predicted by the MAID model [17]. The integia)(Q?) in Fig. 28 corre-
sponds to Eq. 8 when the Gilman convention [89] is chosem@wirtual photon
flux factor K.

8 Summary

We request 24 days in order to perform a precision measurenhgf at low and
moderate)? using a transversely polarized proton (NHarget, together with the
Hall A HRS and septa. This measurement is needed to provideotathe trans-
verse spin structure of the proton and to resolve severatanding issues. The
Q*—evolution ofds(Q?), the BC and extended GDH Sum will be obtained, along
with the longitudinal-transverse spin polarizabilidyr, a fundamental quantity
which characterizes the nucleon’s structure. This datiilwthe gap in our knowl-
edge of the proton spin structure functigh and address intriguing discrepancies
between data and theory for the BC Sum Rule and the longdiittiansverse gen-
eralized spin polarizability. It will also have significamipact on ongoing calcu-
lations of the hyperfine structure of hydrogen, and subsiinteduce one of the
leading systematic uncertainties of the EG4 experiment.
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Figure 25: Projected results fo¥). Statistical errors are shown on the symbols.
Systematic for measured region is represented by the ligihd.b Systematic for
unmeasured region is represented by the dark band. Undarsgior the measured
region are evaluated assuming the central value predigtdtetMAID [17] model.
Systematic for the unmeasured region is 100% of the modedigtien assuming
BC sum rule holds. Elastic curve is from Ref. [62].
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Figure 26: Projected results fa¥,. Statistical errors are shown on the sym-
bols. Systematic is represented by the band on the axis. rtdirdees are eval-
uated assuming the central value predicted by the MAID [1@Heh Expected
SANE uncertainties from Ref [53]. PQCD from Ref. [48]. La#iQCD calcu-
lation from [49]. WGR chiral soliton model from Ref. [32]. \Wamatsu’s chiral
soliton model from Ref. [33]. Osipenket al. global analysis from Ref. [51]:
The inner (outer) band represents statistical (systejnaticertainty. Unmeasured
non-resonance contribution is highly suppressed-bweighting ofd, and is not
shown.
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Figure 27: Projected results foy . Statistical errors are shown on the symbols.
Systematic is represented by the grey band on the axis. tainut@rs are evaluated

assuming the central value predicted by the MAID [17] moddPT predictions
from Bernardet al. [38], and Kaocet al.[39].
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Figure 28: Projected results for the GDH Integfal-(Q?). Statistical errors are
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certainties are evaluated assuming the central valuegbeeldby the MAID [17]

model, scaled here to satisfy the GDH Sum Rule predictiar)(silso shown is
HERMES [36], and RSS [4] preliminary data.

53



A Beam Time Request Tables

In this section we detail the proposed kinematics and beamriquest. In Table 6,

all energies and momenta are in GeV, while the luminosityviergin (cn?-s)~!.
Table 8 summarizes the expected overhead, which was déextussection 7.1.
The expected statistical error is given in Table 9. Tablegggjes whether we will
measure data in the perpendicular configuration alone,mtimperpendicular and
parallel configuration for each kinematic. Finally, foreegnce, in Table 10 we list
the relevent experimental parameters that we have assumtleel iate calculation.

Table 6: Beam Time Request.

Eo S Po W Q2 Rate P Rate Pre L Py Pt | Time
(Hz) (kHz) (nA) (h)
1.1 6 0.950 1.07 0.011 55 4.0 6 0.1E+35 0.60 85 6.7
1.1 6 0.871 1.14 0.010 58 4.0 4 0.1E+35 0.60 85 6.5
1.1 6 0.800 1.20 0.010 70 4.0 3 0.1E+35 0.60 85 5.3
1.1 6 0.734 1.25 0.009 82 4.0 3 0.1E+35 0.60 85 4.5
1.1 6 0.674 1.29 0.008 86 4.0 2 0.1E+35 0.60 85 4.3
1.1 6 0.618 1.33 0.007 93 4.0 2 0.1E+35 0.60 85 4.0
1.1 6 0.567 1.37 0.007 103 4.0 2 0.1E+35 0.60 85 3.6
1.1 6 0.521 1.40 0.006 113 4.0 2 0.1E+35 0.60 85 3.3
1.1 6 0.478 1.43 0.006 125 4.0 2 0.1E+35 0.60 85 3.0
1.1 6 0.439 1.45 0.005 139 4.0 2 0.1E+35 0.60 85 2.7
1.1 6 0.403 1.48 0.005 154 4.0 2 0.1E+35 0.60 85 2.4
1.1 6 0.369 1.50 0.004 170 4.0 2 0.1E+35 0.60 85 2.2
1.0 days
1.7 6 1.540 1.07 0.029 46 4.0 2 0.1E+35 0.60 85 8.0
1.7 6 1.414 1.18 0.026 54 4.0 2 0.1E+35 0.60 85 6.9
1.7 6 1.297 1.27 0.024 66 4.0 1 0.1E+35 0.60 85 5.6
1.7 6 1.191 1.35 0.022 65 4.0 1 0.1E+35 0.60 85 5.7
1.7 6 1.093 1.41 0.020 72 4.0 1 0.1E+35 0.60 85 5.1
1.7 6 1.003 1.47 0.019 83 4.0 1 0.1E+35 0.60 85 4.5
1.7 6 0.920 1.53 0.017 93 4.0 1 0.1E+35 0.60 85 4.0
1.7 6 0.845 1.57 0.016 96 4.0 1 0.1E+35 0.60 85 3.9
1.7 6 0.775 1.61 0.014 98 3.9 1 0.1E+35 0.60 85 3.8
1.7 6 0.712 1.65 0.013 103 3.8 1 0.1E+35 0.60 85 3.6
1.7 6 0.653 1.68 0.012 113 4.0 1 0.1E+35 0.60 85 3.3
1.7 6 0.599 1.71 0.011 122 4.0 1 0.1E+35 0.60 85 3.1
1.7 6 0.550 1.74 0.010 129 4.0 1 0.1E+35 0.60 85 2.9
1.7 6 0.505 1.76  0.009 138 4.0 1 0.1E+35 0.60 85 2.7
1.7 6 0.463 1.79 0.009 147 4.0 1 0.1E+35 0.60 85 25
1.7 6 0.425 1.81 0.008 158 4.0 1 0.1E+35 0.60 85 2.4
1.7 6 0.390 1.83 0.007 170 4.0 1 0.1E+35 0.60 85 2.2
1.5 days
2.2 6 2.030 1.07 0.049 45 4.0 13 0.8E+35 0.60 85 8.2
2.2 6 1.863 1.21 0.045 54 4.0 11 0.8E+35 0.60 85 6.9
2.2 6 1.709 1.33 0.041 58 4.0 8 0.8E+35 0.60 85 6.4
2.2 6 1.569 1.42 0.038 65 4.0 6 0.8E+35 0.60 85 5.7
2.2 6 1.440 1.51 0.035 77 4.0 5 0.8E+35 0.60 85 4.9
2.2 6 1.321 1.58 0.032 80 4.0 5 0.8E+35 0.60 85 4.7
2.2 6 1.213 1.64 0.029 83 4.0 4 0.8E+35 0.60 85 4.5

continued on next page

54



Table 6: Beam Time Request.

Eo © Po w Q> Rate P Rate Pre L Py P; | Time
(Hz) (kHz) (nA) (h)
2.2 6 1.113 1.70 0.027 87 4.0 4 0.8E+35 0.60 85 4.3
2.2 6 1.022 1.75 0.025 89 4.0 4 0.8E+35 0.60 85 4.2
2.2 6 0.938 180 0.023 93 4.0 4 0.8E+35 0.60 85 4.0
2.2 6 0.860 1.84 0.021 96 4.0 5 0.8E+35 0.60 85 3.9
2.2 6 0.790 1.87 0.019 101 4.0 5 0.8E+35 0.60 85 3.7
2.2 6 0.725 191 0.017 107 4.0 5 0.8E+35 0.60 85 35
2.2 6 0.665 194 0.016 113 4.0 5 0.8E+35 0.60 85 3.3
2.2 6 0.610 1.96 0.015 120 4.0 6 0.8E+35 0.60 85 3.1
2.2 6 0.560 199 0.013 128 4.0 6 0.8E+35 0.60 85 2.9
2.2 6 0.514 2.01 0.012 137 4.0 7 0.8E+35 0.60 85 2.7
1.6 days
33 6 3.096 1.07 0.112 29 4.0 7 0.8E+35 0.60 85 12.7
33 6 2.841 128 0.103 39 4.0 6 0.8E+35 0.60 85 9.4
33 6 2.608 1.44 0.094 42 4.0 4 0.8E+35 0.60 85 8.7
33 6 2.393 158 0.087 50 4.0 3 0.8E+35 0.60 85 7.5
33 6 2196 1.69 0.079 54 4.0 2 0.8E+35 0.60 85 6.9
33 6 2.016 1.79 0.073 57 4.0 2 0.8E+35 0.60 85 6.5
33 6 1850 1.88 0.067 61 4.0 2 0.8E+35 0.60 85 6.1
33 6 1.698 1.96 0.061 65 4.0 1 0.8E+35 0.60 85 5.7
33 6 1558 2.02 0.056 69 4.0 1 0.8E+35 0.60 85 5.4
2.9 days
4.4 6 4149 1.07 0.200 22 4.0 5 0.8E+35 0.60 85 16.7
4.4 6 3808 134 0.184 29 4.0 4 0.8E+35 0.60 85 12.9
4.4 6 349% 155 0.168 33 4.0 2 0.8E+35 0.60 85 11.4
4.4 6 3.207 1.72 0.155 34 4.0 2 0.8E+35 0.60 85 10.7
4.4 6 2944 186 0.142 36 4.0 1 0.8E+35 0.60 85 10.3
4.4 6 2,701 198 0.130 40 4.0 1 0.8E+35 0.60 85 9.4
4.4 6 2479 2.09 0.120 44 4.0 1 0.8E+35 0.60 85 8.4
2.7 days
4.4 9 40238 107 0436 14 2.5 1 0.8E+35 0.60 85 25.2
4.4 9 3692 1.34 0.400 17 2.2 1 0.8E+35 0.60 85 21.4
4.4 9 338 155 0.367 16 2.0 1 0.8E+35 0.60 85 22.4
4.4 9 3110 1.72 0.337 14 1.7 1 0.8E+35 0.60 85 25.6
4.4 9 2.854 1.86 0.309 12 14 1 0.8E+35 0.60 85 31.2
4.4 9 2.620 1.98 0.284 11 1.2 1 0.8E+35 0.60 85 33.1
4.4 9 2.404 2.09 0.260 11 11 1 0.8E+35 0.60 85 33.7
6.0 days

T signifies that only the left spectrometer can access this entum.

1 signifies that longitudinal data will be taken in additiorttansverse.
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Table 7: Beam Request Summary.

Days using 1 (2) arms 252 (15.7)
Days for Overhead 8.4 (84
Total Days using 1 (2) arms 33.6  (24.1)

Table 8: Overhead

Overhead Number  Time Per (hr) (hr)
Target anneal 27 2.5 67.5
Target rotation 2 16.0 32.0
Target swap 2 8.0 16.0
Pass change 6 4.0 24.0
Packing Fraction 34 0.50 17.0
Linac change 0 8.0 0.0
Momentum change 69 0.25 17.2
Moller measurement 6 2.0 12.0
Septum angle change 1 8.0 8.0
Elastic calibration 2 4.0 8.0
201.8

Table 9: Statistical Uncertainty

Kinematic A error A, error
0.004 0.004
0.004 0.004
0.004 0.004
0.004 0.004
0.004& 0.004
0.004 0.004
* EG4 expected uncertainty.

OO WNE

Table 10: Experiment Parameters

Parameter Value
AQ [msr] 4.0

+0 P[%] 4.0
PT(L'r‘get [%] 75.0
PBeam [%] 80.0
Ty, radiation length 0.026
T, radiation length 0.026
Minimum time per setting [hr] 0.5
Minimum Momentum [MeV] 400.0

Maximum Momentum (L) [MeV]  4300.0
Maximum Momentum (R) [MeV]  3100.0
Dag Limit [kHz] 4.0
Packing Fraction 0.55
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57

2000



References

[1] See.e.qg, B. W. Filippone and X. Ji, Adv. Nucl. Phy&6, 1 (2001).
[2] J. D. Bjorken, Phys. Re\148 1467 (1966).

[3] M. Amarianet al,, Phys. Rev. Lett89, 242301 (200292, 022301 (200483,
152301 (2004); K. Sliferet al, [E94010 Collaboration] in preparation.

[4] JLab RSS experiment, M. Jones and O Rondon, spokesperdarR. Wes-
selmannet al. Phys. Rev. Lett98, 132003 (2007). K. Sliferet al,, [RSS
Collaboration] in preparation.

[5] R. Fatemiet al, Phys. Rev. Lett91, 222002 (2003).
[6] J. Yunetal, Phys. RevC 67, 055204 (2003).
[7] A. Deuret al, Phys. Rev. Lett93, 212001 (2004).

[8] K.V. Dharmawardanet al,, Phys. LettB 64111 (2006); Y. Proket al,, to be
published.

[9] J.-P. Chen, A. Deur and Z.-E. Meziani, Mod. Phys. LAtRO, 2745 (2005);
J.-P. Chen, nucl-ex/0611024 (2006).

[10] JLab experiment E97-110, J. P. Chen, A. Deur, F. Gatibapokespersons.

[11] JLab run group Eg4, M. Battaglieri, R. De Vita, A. Deur,. NRipani
spokespersons. http://www.jlab.org/eppog/proposals/03/PR03-006.pdf

[12] JLab E01-012, J. P. Chen, S. Choi and N. Liyanage, sjpekesns.
[13] J. Callan, G. Curtis. and D. J. Gross, Phys. Rev. 221t156 (1969).
[14] R. L. Jaffe, Comments Nucl. Part. Phy®, 239 (1990).

[15] S. Wandzura and F. Wilczek, Phys. L&#2, 195 (1977).

[16] S. B. Gerasimov, Sov. J. Nucl. Phy&.598 (1965); S. D. Drell and A. C.
Hearn, Phys. Rev. Letl.6, 908 (1966).

[17] D. Drechsel, S. S. Kamalov and L. Tiator, Phys. R2®3, 114010 (2001).
[18] X. Jiand J. Osborne, J. of Phys.A3, 127 (2001).

[19] D. Drechsel, B. Pasquini and M. Vanderhaeghen, Phyg. B&3, 99 (2003);
D. Drechsel and L. Tiator, Ann. Rev. Nucl. Part. S#4, 69 (2004).

[20] H. Burkhardt and W. N. Cottingham, Ann. Phys. (N.5¥8, 453 (1970).
[21] A. V. Manohar, arXiv:hep-ph/9204208.

[22] R. L. Jaffe and X.-D. Ji, Phys. ReR43, 724 (1991).

[23] J. Soffer and O. V. Teryaev, Phys. La3545 323 (2002) .

58



[24] V. Bernard, N. Kaiser, and U.-G. Meissner, Int. J. Mody®. E4, 193 (1995).

[25] A. W. Thomas and W. WeiseThe Structure of the NucleofWiley-Vch,
Berlin, 2001).

[26] P. L. Anthonyet al. [E155 Collaboration], Phys. Lett. B53 18 (2003)
[arXiv:hep-ex/0204028].

[27] K. Kramer et al, Phys. Rev. Lett.95 142002 (2005) [arXiv:nucl-
ex/0506005].

[28] S. Simula, M. Osipenko, G. Ricco and M. Taiuti, Phys. R@\65, 034017
(2002) [arXiv:hep-ph/0107036].

[29] J. Yunet al,, Phys. Rev. (57 055204, (2003); S. Kuhn, private communica-
tion.

[30] M. Stratmann, Z. Phys. 60, 763 (1993).
[31] X. Song, Phys. Rev. B4, 1955 (1996).

[32] H. Weigel and L. Gamberg, Nucl. Phys.&80, 48 (2000); Weigel, Gamberg
and Reinhardt, Phys. Rdw55 (1997) 6910.

[33] M. Wakamatsu, Phys. Lett. 887, 118 (2000).

[34] K. Abeet al, Phys. RevD 58112003 (1998).

[35] Z. E. Mezianiet al,, Phys. Lett. B613 148 (2005) [arXiv:hep-ph/0404066].
[36] A. Airapetianet al.[HERMES Collaboration], Eur. Phys. J.Z8, 527 (2003)
[37] K. Ackerstaffet al, Phys. LettB 404, 383 (1997)B 444, 531 (1998).

[38] V. Bernard, T. Hemmert and UIf-G. Meissner, Phys. Lett.

[39] C. W. Kao, T. Spitzenberg and M. Vanderhaeghen, Phyeg. Ré7, 016001
(2003).

[40] V. Olmos de Leoret al, Eur. Phys. JA 10, 207 (2001); J. Tonnisoat al.,
Phys. Rev. Lett80, 4382 (1998).

[41] J. Ahrenset al,, Phys. Rev. Lett87, 022003 (2001).

[42] P. A. M. Guichon, G. Q. Liu and A. W. Thomas, Nucl. Phys591, 606
(1995).

[43] P. E. Bosteckt al. [CLAS Collaboration], Phys. Rev. €5, 035203 (2007)
[arXiv:hep-ph/0607283].

[44] N. I. Kochelev et al, Phys. Rev. B7, 074014 (2003), and private communi-
cation.

[45] Marc Vanderhaeghen, JLab Theory Division, private ommication.

59



[46] Christian Weiss, JLab Theory Division, private comnuation.

[47] X. Zhenget al, Phys. RevC 70, 065207 (2004).

[48] Edward V. Shuryak and A.l. Vainshtein. Nucl. Phi201(1982) 141.
[49] M. Gockeleret al. Phys. RevD 63, 074506 (2001). hep-lat/0011091
[50] M. Stratmann, Z. Phy<C60 (1993) 763.

[51] M. Osipenkoet al,, Phys. Rev. Dr1, 054007 (2005).

[52] P. L. Anthonyet al, Phys. LettB553(2003) 18.

[53] Hall C Sane experiment. O. Rondon, Z.-E. Meziani and I®iGpokesmen.
Scheduled to run in 2008.

[54] J. Soffer and O. V. Teryaev, Phys. R&70, 116004 (2004).
[55] V. D. Burkert and B. L. loffe, Phys. LetB 296 223 (1992).
[56] X.Ji, C. Kao, and J. Osborne, Phys. Lett4B2 1 (2000).

[57] JLab experiment E06-014, S. Choi, X. Jiang, Z.E. Mezéand B. Sawatzky
spokespersons.

[58] JLab experiment E12-06-121, T. Averett, W. Korsch, .ZMeziani and B.
Sawatzky, spokespersons.

[59] K. Slifer, E94010 Technical Note #44: “Modificationsttie QFS and RAD-
COR Codes”, (2003).

[60] P. M. McKee NIM A526 (2004) 60-64.
[61] L. De Marco, A, Brill, D. Crabb, J. Chem. Phys. 108 (1994p3.
[62] E. L.Lomon, PRC 66 04501 (2002).

[63] M. Amarianet al. [Jefferson Lab E94-010 Collaboration], Phys. Rev. Lett.
92, 022301 (2004) [arXiv:hep-ex/0310003].

[64] J. Lerose, Hall A Staff. Private communication.
[65] R. Feuerbach, Hall A Staff. Private communication.

[66] K. Slifer, E94010 Technical Note #37 : “Dependence &f @ross-Section on
Acceptance Cuts for E940107, (2001)

[67] K. Slifer, E94010 Technical Note #38 : “E94010 Unpatad *He Cross
Sections”, (2001)

[68] K. Slifer, Ph.D. Thesis. Temple University (2004).
[69] Mark Jones, The!®N correction to the measured asymmetrj¢®SS techni-

cal note 2005-01 (2005).

60



[70] M. Ripani’'s EG4 analysis webpage :
http://www.jlab.org/Hall-B/secure/eg4/ripani/andl/atml

[71] JLab E05-004 : R. Gilman, D.W. Higinbotham, X. Jiangplepspersons.
‘A(Q) atlow @ in eD Elastic Scattering’.

[72] Private communication, Arne Freyberger.

[73] L. Kaufman, K. Pascke, R. Michaels, “Cavity Monitor Remance in
2005, http://hallaweb.jlab.org/experiment/HAPPEX¢dhy HAPPEX tech-
note, (2006).

[74] J. Benesch, JLab Center for Advanced Studies of Acatdes (CASA). pri-
vate communication.

[75] C. Yan, R. Carlini, “Chicane and raster system for Hal| CEBAF-R-92-
004, (1992).

[76] J. Alcornet al,, Nucl. Instrum. Meth. 2622, 294 (2004).

[77] V. Nazaryan, C. E. Carlson and K. A. Griffioen, Phys. Restt. 96, 163001
(2006) [arXiv:hep-ph/0512108].

[78] PR-07-004 : J. Arrington, D. Day, R. Gilman, G. Ron(amxt). Update sub-
mitted to PAC33.

[79] A. C. Zemach, Phys. Re%04, 1771 (1956 ).
[80] C. K. lddings, Phys. Re.38 B446 (19 65).

[81] R. N. Faustov and A. P. Martynenko, Eur. Phys. J2& 281 (2002);
R. N. Faustov and A. P. Martynenko, Phys. Atom. N6&, 265 (2002) [Yad.
Fiz. 65, 291 (2002)].

[82] E. De Rafael, Phys. Lett. B7, 201 (1971).
[83] P. Gnadig and J. Kuti, Phys. Lett.42, 241 (1972).
[84] S. D. Drell and J. D. Sullivan, Phys. Redb4, 1477 (1967).

[85] A. V. Volotka, V. M. Shabaev, G. Plunien and G. Soff, ERhys. J. D33, 23
(2005).

[86] Mainz Proposal A1/01-00: “Double polarization Viriudompton Scattering
in the threshold regime”. http://wwwal.kph.uni-mainZAfEpublications/
proposals/

[87] H. Fonvieille, “Virtual Compton scattering at low eggrand the general-
ized polarizabilities of the nucleon,” Prog. Part. NuclyBtb5, 198 (2005)
[arXiv:hep-ph/0412074].

[88] J.W. Lightbody Jr. and J.S. O’Connell, Computers in $tbg,57 May/June
1988.

[89] F.J. Gilman, Phys. ReL67, 1365 (1968).

61



